| INTRODUCTION
The mitochondrial quality control system operates under normal and stress conditions to maintain healthy mitochondria. Accordingly, defects in mitochondrial quality control are linked to the development of various diseases. 1 The mitochondrial quality control system at the organelle level functions through mitochondrial biogenesis, fission and fusion, and mitophagy. Mitochondria recover from local damage by continuously undergoing rapid turnover through fission and fusion. 2 Mitochondrial fusion is mediated by the dimerization of guanosine triphosphatase mitofusins 1 and 2 in the mitochondrial outer membrane. Mitochondrial fission occurs through the recruitment of guanosine triphosphatase dynamin-related protein 1 (Drp1) from the cytosol to Drp1 receptors, such as FIS1, MFF, MID49, and MID51, 3 on the mitochondrial outer membrane. By contrast, fusion and fission of the mitochondrial inner membrane are regulated by optic atrophy 1 (OPA1). 4, 5 Failure of the mitochondria to recover from damage through the fusion/fission process leads to the isolation and transport of the damaged mitochondria to the lysosome for degradation through a selective autophagy process known as mitophagy. 6 Many mitochondrial factors and signals involved in mitophagy have been identified. 7 Damaged mitochondria are first recognized by mitophagy receptors or microtubule-associated protein 1 light chain 3 (LC3) adaptors, which then recruit LC3, an adaptor of the autophagosome that functions by transporting mitochondria to the autophagosome. Most LC3 adapters harbor a conserved LC3-interacting region (LIR) motif, which is important for recognition by LC3. 8 A well-studied mechanism of mitophagy is mediated by the PINK1-Parkin pathway. Accumulation of PINK1 on the outer membrane of damaged mitochondria recruits the E3 ligase Parkin, which then ubiquitinates target proteins on the mitochondria to allow the LC3 adapters, including p62, NBR1, NDP52, TAX1BP1, and OPTN, to bind to the ubiquitinated proteins. 9 LC3 receptors, including BNIP3, NIX, FUNDC1, BCL2L13, and FKBP8, are mitochondrial outer membrane proteins that possess an LIR motif and mediate stress-induced mitophagy. 7, 10 However, the distinct roles of LC3 adaptors and receptors in mitochondrial dynamics during mitophagy remain unclear.
FK506 binding protein 8 (FKBP8) is a member of the FKBP family, which harbor the FK506 binding domain and exhibit peptidylprolyl isomerase activity. Unlike other members of the FKBP family, the peptidylprolyl isomerase activity of FKBP8 is activated only upon binding to calmodulin. 11 FKBP8 is anchored onto the mitochondrial outer membrane. 12 FKBP8 functions as a co-chaperone that binds to CTFR during fibrosis and NS5A during hepatitis C virus replication. 13, 14 FKBP8 also plays a role in anchoring the proteasome onto the mitochondria and inhibits apoptosis by binding to Bcl-2. 12, 15 Fkbp8 −/− mice are embryo lethal and exhibit neural tube defects during development. 16, 17 Under CCCP-treated conditions, FKBP8 was reported to escape the mitochondria and enter the endoplasmic reticulum (ER). 18 Recently, it was shown that FKBP8 binds to LC3A under CCCP treatment and overexpressed FKBP8 induces mitochondrial fragmentation. 19 However, questions on how FKBP8 affects mitochondrial fragmentation in mitophagy remain unknown.
To identify a mitochondrial factor that coordinates mitochondrial dynamics and mitophagy, we screened cDNA expression library through a gain-of-function (GOF) screening. We found that FKBP8 played a dual role in mitochondrial fragmentation and mitophagy under stress conditions. In addition to the LIR motif, an LIR motif-like sequence (LIRL) of FKBP8 was essential in mediating mitochondrial fragmentation via binding to OPA1 and thus facilitating mitophagy.
| MATERIALS AND METHODS

| DNA constructs
The GFP-LC3B expression construct is described elsewhere. 20 FKBP8 shRNA constructs were constructed in pSUPER-neo (OligoEngine, VEC-PBS-0004) using the following target sequence for human FKBP8; shFKBP8: 5′-AGT GGA CAT GAC GTT CGA GGA-3′ (TRCN0000010595). FKBP8 sgRNA constructs were constructed in the lentiCRISPR v2 vector (Addgene, #52961) using the following target sequence for human FKBP8; sgFKBP8: 5′-CGT ACA TCT GCA GAC GTC GC-3′. Human FKBP8 NM_012181.3 was amplified by PCR and ligated into KpnI/EcoRI sites of pcDNA3-HA (Invitrogen). The following nucleotide sequences were used as the primers: FKBP8-NotI-Sense: 5′-AGA ATG CGG CCG CTA ATG GCA TCG TG-3′, FKBP8-XbaI-Antisense: 5′-CTA GTC TAG ATC AGT TCC TGG CAG CG-3′, FKBP8 dN-NotI-Sense: 5′-ATA AGA ATG CGG CCG CTA AAG ACG CTG GTC CCA GG-3′, FKBP8 dF-BglII-Sense: 5′-GAA GAT CTT ACG GCT GTG GAC GGG CCT G-3′, FKBP8 dF-BglII-Antisense: 5′-GAA GAT CTT CTG GCG GCC CTG GGA CCA GCG-3′. FKBP8 dTPR, dTM, and dC deletion mutants were generated by PCR from HA-FKBP8. HA-FKBP8 point mutants were generated by PCR. GFP-FKBP8 and Flag-FKBP8 were generated by subcloning into pEGFP-C1 (Clontech, 6084-1) and p3XFlag-CMV-10 (Sigma). Flag-FKBP8 N-terminal domain deletion mutants were generated by PCR from Flag-FKBP8. OPA1-Flag was constructed in p3XFlag-CMV-14 vector (Sigma, E7908). FUNDC1-MYC were kind gifts from Dr Q. Chen (University of Chinese Academy of Sciences, Beijing, China).
| Cell culture, DNA transfection, and generation of stable cell line
All cells were cultured in Dulbecco's modified Eagle medium (Hyclone, SH30243.01) supplemented with 10% fetal bovine serum (Hyclone, SH30919.03) and 100 Units/mL gentamycin. Typically, 2 × 10 5 cells per well in six-well culture plates were transfected with plasmids. HEK293T cells were transfected using PEI reagent (Sigma, 764647) for 24 hours. Chang liver, HeLa, and MEFs were transfected using Lipofector-pMAX reagent (APTABIO, AB-LF-M100) according to the manufacturer's protocol. Human fibroblasts (Cellbio Inc) were transfected using lipofectamine 2000 (Invitrogen 11668-019) for 5 hours. For generation of HeLa-shFKBP8-Mixed stable cell line, HeLa cells were transfected with the plasmids for 48 hours and were incubated with G418 (Gold Bio, G418-5) for an additional 14 days. For generation of a HeLa-FKBP8-KO single cell line, HeLa cells were transfected with the plasmids for 48 hours and were incubated with puromycin (Sigma, P8833) for 24 hours. The Drp1 and Opa1 KO MEFs were kind gifts from K. Mihara (Kyushu University, Fukuoka, Japan).
| Maintenance of Fkbp8 KO mice
Fkbp8 KO mice were kind gifts from Dr RH Finnell (The University of Texas, Texas, USA). All mice were maintained under a 12:12-hour light/dark cycle. All of the experiments were performed on C57BL/6 mice and were approved by the Seoul National University Standing Committees on Animals. Genotyping was performed by a PCR procedure described previously. 17 
| Immunocytochemistry
Cells grown on coverslips in 12-well plates were fixed in 4% paraformaldehyde for 5 minutes, permeabilized with 0.1% triton x-100 in PBS for 5 minutes, and blocked with 1% BSA for 1 hour. After blocking, the fixed cells were incubated overnight with HA antibody (abcam, ab9110) (1:50 dilution) or FKBP8 antibody (R&D system, MAB3580) (1:100). After 5 minutes × 3 times washing with PBS, it was followed by 1-hour incubation with Alexa Fluor secondary antibodies (Molecular Probes, A11005) (1:250 dilution), 5 minutes × 3 times washing with PBS and mounted on the slides with mounting solution and Hoechst 33258 (Sigma, bis-benzimide). Samples were visualized under a confocal fluorescence microscope (Carl Zeiss, LSM700, Carl-Zeiss-Promenade 10, 07745, Jena Germany).
| Mito-Keima assays
The Mito-Keima assay was performed as previously described. 21 The level of mitophagy was estimated by counting the number of punctate structures observed when excited by 540-nm light using photoshop program (Adobe).
| Mitochondria staining
MitoTracker Green FM (Molecular Probes, M7514) was added into the culture media at final concentrations of 100 μM for 30 minutes, briefly washed 2 times with PBS, and then observed under a fluorescence microscope.
| Fractionation of mitochondria
Cells were harvested and suspended in PBS (pH 7.4) and homogenized by passing through a 26-G syringe (40 strokes) in ice. Samples were centrifuged at 800g for 10 minutes at 4°C. The supernatant was centrifuged at 12 000g × 15 minutes at 4°C to obtain crude mitochondria (pellet).
| Western blot analysis
Cells were dissolved in protein lysis buffer containing 50 mM Tris-Cl at pH 6.8, 2% sodium dodecyl sulfate (SDS), 10% glycerol, and 0.5% β-mercaptoethanol. The cell lysates were boiled for 5 minutes and then subjected to polyacrylamide gel electrophoresis and transferred to PVDF membranes (ATTO, AE-6667-P, JAPAN) using a Semi-Dry Transfer system (ATTO, WSE-4020, JAPAN). The membranes were incubated with 3% BSA (BOVOGEN, BSA100) in TBST buffer (20 mM Tris-Cl at pH 7.5, 150 mM NaCl, 0.2% Tween-20) for 30 minutes. After brief washing with TBST, the membranes were incubated with primary antibodies (1:3000 dilution) in TBST buffer for overnight at 4°C, washed with TBST, incubated with horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology), and then visualized on X-ray film using Enhanced Chemiluminescence (ECL, Amersham, UK). Densitometric analysis was performed with a photoshop program (Adobe).
| Antibodies
The following antibodies were used: HA, MYC, GFP (sc-8334), Flag (Sigma, F1804), TUBA/tubulin-α (sc-23948), ACTB (sc-47778), TOMM20 (sc-17764), TIMM23 (BD Bioscience, 611222), COX II (D-5, sc51449), COX IV (Molecular Probes), DRP1 (Cell signaling technology, 8570), FIS1 (Proteintech, 10956-1-AP), P62 (Novus biologicals, NBP1-48320), FUNDC1 (Aviva systems biology, ARP53280_ P050), OPA1 (BD Bioscience, 612607), (OXPHOS antibody cocktail (Abcam, ab110413), MFN1 (Abcam, ab104274), MFN2 (Abcam, ab56889), LC3 (Novus NB100-2220), FKBP8 (Abcam, ab129113), and FKBP8 (R&D system, MAB3580).
| Immunoprecipitation
Cells were lysed in modified RIPA buffer (20 mM Tris-Cl, pH 7.6, 150 mM NaCl, 1% Triton X-100, 1 mM PMSF) and clarified by centrifugation (16 000 rcf, 10 minutes). For immunoprecipitation, cell lysates were incubated with HA antibody overnight at 4°C and pulled down by protein G-Sepharose beads (GE Healthcare, 17-0618-01) at 4°C for 6 hours or with anti-Flag M2 affinity gel (Sigma, A2220) overnight at 4°C. Beads are washed 2 minutes × 6 times with modified RIPA buffer. After washing, beads have proceeded to western blot analysis.
| Transmission electron microscope analysis
Cells were fixed with 2% paraformaldehyde/2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), followed by 1% OsO4. Cells were dehydrated with a graded series of ethanol and embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate for observation under a JEM1010 transmission electron microscope (JEOL).
| Hypoxic conditions
Cells were placed in a modular incubator chamber (Billups-Rothenberg) and flushed with the gas mixture of 1% O 2 , 5% CO 2 , and 94% N 2 for 5 minutes (20 L/min). After that, the sealed chamber was placed in a 37°C incubator for the indicated times.
| Statistics
All experiments were performed in triplicate parallel instances and repeated at least 3 times. Statistical analyses were carried out using the Prism 7 software (GraphPad Software).
| Acute hindlimb ischemia
The acute hindlimb ischemia was described in the previous report. 22 Briefly, mice were anesthetized using 2,2,2-Tribromoethanol (Aldrich, T48402). Thighs hair was shaved for surgery and subjected to thigh skin incision for ligatures of the femoral artery. Ligatures were performed four places from the femoral artery to the saphenous artery, and the skin was sutured. After 7 days, mice were sacrificed using CO 2 asphyxiation.
| RESULTS
| Isolation of mitophagy regulators through gain-of-function screening of cDNA expression
To identify novel mitophagy regulators, we performed a GOF screening using a cell-based assay and cDNA expression library. We established a cell-based assay in which a mitophagy regulator influenced colocalization of GFP-LC3B, an autophagy/mitophagy marker, with the mitochondria ( Figure 1A ). In the control assay, overexpression of NIX, a mitophagy factor that functions in red blood cells, 23 led to the recruitment of GFP-LC3B to the mitochondria. Given that many key mitophagy regulators, including PINK, NIX, and BNIP3, 24 are localized at the mitochondria, we cloned full-length cDNAs encoding mitochondrial proteins into a mammalian expression vector. A total of 494 cDNA clones were ectopically expressed, and their abilities to induce colocalization of GFP-LC3B and Mito-RFP in the transfected cells were analyzed ( Figure 1A ). Several putative positive cDNA clones, including FKBP8, CYB561, MRPS30, PDHX, and NDUFV3, were identified by the GOF screening ( Figure  1B ). Of these, FKBP8 was identified to be the most effective clone in inducing colocalization of GFP-LC3B with the mitochondria.
| FKBP8 knockdown generates the tubular and enlarged forms of mitochondria
To examine the role of FKBP8 in regulating mitochondrial morphologies, we generated mixed HeLa cells stably expressing FKBP8-shRNA (HeLa-shFKBP8-Mixed cells). Results of western blot analysis confirmed that FKBP8 expression was dramatically reduced in HeLa-shFKBP8-Mixed cells compared to that in control HeLa cells, while levels of other mitochondrial proteins were similar ( Figure 1E ). Microscopic examination of the mitochondria morphologies after immunostaining with anti-TOMM20 antibody revealed that the mitochondria of HeLa-shFKBP8-Mixed cells were larger and longer than those of control cells ( Figure 1C ). Quantification of the mitochondria size showed that FKBP8 knockdown cells had a significantly larger population of Figure 1H . Bars represent mean ± SEM P value vs Fkbp8 +/+ . n = 7. **P < .01 (I) mitochondria in the tubular form but a lower proportion of mitochondria in the intermediate form ( Figure 1D ).
Furthermore, detailed examination with electron microscopy showed that the mitochondria of HeLa-shFKBP8-Mixed cells were enlarged, whereas those of control HeLa-Neo-Mixed cells exhibited dense and compact structure ( Figure  1F ). The average size of the mitochondria was nearly twofold larger in HeLa-shFKBP8-Mixed cells ( Figure 1G ). By contrast, HeLa-Neo-Mixed and HeLa-shFKBP8-Mixed cells showed no significant differences in the number and structure of cristae in the mitochondrial matrix. In addition, similar results were observed in the cortex of Fkbp8 heterozygote-KO (Fkbp8 +/− ) mice; compared to those of wild-type littermates, the size of mitochondria was enlarged ( Figures 1H,I and S1 ).
| FKBP8 is recruited onto the budding site of mitochondria undergoing mitophagy under stress conditions
The observation on the role of FKBP8 in regulating mitochondrial morphology led us to examine the role of FKBP8 in the mitochondrial division during mitophagy. We first investigated whether FKBP8 was recruited to the budding site of mitochondria undergoing mitophagy and second determined whether FKBP8 functions in the recruitment of the autophagosome to the mitochondria. As previously reported, 21 the mitochondrial region destined for degradation buds from tubular mitochondria (Mito-mCherry) upon iron depletion (DFP)-induced mitophagy (Figure 2A, 2nd row) . Time-lapse microscopy analysis revealed that blue fluorescence protein (BFP)-FKBP8 was also recruited to the budding site of the mitochondria (Mito-mCherry) in the initiation stage of mitophagy (Figures 2A, 4th row) . Simultaneously, green fluorescence protein (GFP)-LC3B was recruited to the same budding site of mitochondria at the same time (Figures 2A, 3rd panels) , leading to colocalization of BFP-FKBP8 and GFP-LC3B in the mitochondrial region undergoing mitophagy (Movie S1). In addition, with Mito-Keima assay (Figure 2B ,C) and western blot analysis ( Figure 2D ), we confirmed that iron depletion-induced mitophagy was significantly reduced by FKBP8 knockdown in HeLa cells. Therefore, our findings indicate that FKBP8 plays an essential role in mitophagy under stress conditions, probably through affecting the mitochondrial division.
| FKBP8 plays a role in mitochondrial fragmentation and mitophagy under hypoxia
We then explored the role of FKBP8 in mitochondrial fragmentation and mitophagy triggered by various stress signals. By measuring the extent of mitochondrial fragmentation, we found that FKBP8 knockdown did not affect mitochondrial fragmentation triggered by the treatment with carbonyl cyanide m-chlorophenylhydrazone (CCCP) ( Figure S2A ). By contrast, FKBP8 was found to play a role in mitochondrial fragmentation and mitophagy under hypoxic conditions. Under hypoxic conditions, the number of cells with fragmented mitochondria was lower in HeLa-shFKBP8-Mixed cells compared to that in control cells ( Figure 3A,B ). Immunocytochemical analysis of individual cells in HeLa-shFKBP8-Mixed population revealed a high level of fragmented mitochondria in the FKBP8-positive cells, whereas considerably fewer fragmented mitochondria were observed in FKBP8 knockdown cells ( Figure S3 ). In addition, FKBP8 knockdown in human fibroblasts also reduced mitochondrial fragmentation under hypoxia ( Figure S4 ). Theses results suggesting that FKBP8 levels are crucial for mitochondrial fragmentation under hypoxic conditions.
More, under hypoxic conditions, results of Mito-Keima assay showed that mitophagy induction was lower in HeLa-shFKBP8-Mixed cells than in HeLa-Neo-Mixed cells ( Figure  3C -E). Electron microscopy results confirmed the presence of enlarged mitochondria in HeLa-shFKBP8-Mixed cells compared to the mitochondria in HeLa-Neo-Mixed cells ( Figure  3F,G) . In particular, the mitochondria in HeLa-shFKBP8-Mixed cells possessed relatively intact cristae and seemed to be not efficiently degraded under hypoxic conditions. In addition, western blot assay of gastrocnemius muscle under acute hindlimb ischemia revealed a similar result, showing less degradation of mitochondrial proteins in Fkbp8 +/− mice than Fkbp8 +/+ mice ( Figure S5 ). Thus, these results indicate that FKBP8 is required for mitochondrial fragmentation and mitophagy under hypoxic conditions.
| FKBP8 induces mitochondrial fragmentation independently of Drp1, BNIP3, and NIX
We also examined whether FKBP8 overexpression affected mitochondrial morphology and dynamics. We found that ectopic expression of FKBP8 produced fragmented mitochondria with small sizes and globular form in HeLa cells ( Figure 4A,B ), but did not affect ER morphology ( Figure  S6 ). Given that similar alterations in mitochondrial morphology have been observed in mitochondrial fission factor Drp1 knockdown cells and KO cells, [25] [26] [27] [28] We then explored the mechanism by which FKBP8 induced mitochondrial fragmentation. As reported, 29 Drp1 KO mouse embryo fibroblasts (MEFs) have more elongated mitochondria than those of control cells ( Figure 4D ). It turned out that FKBP8 overexpression remarkably induced mitochondrial fragmentation in Drp1 KO MEFs to the same extent as that in WT MEFs (Figure 4D,E) . Thus, FKBP8 likely mediates mitochondrial fragmentation independently of Drp1. Since it was reported that FKBP8 recruits LC3 onto the mitochondria for mitophagy, 19 we examined whether the ability of FKBP8 to induce mitophagy overlapped with those of the other mitophagy mediators, such as BNIP3 and NIX. 7, 10 We generated BNIP3 and NIX double KO in HeLa cells (HeLa-BNIP3/NIX DKO cells) ( Figure S7 ).
Using a Mito-Keima assay which is frequently used to assess mitochondrial degradation in the lysosome during mitophagy, 30 we found that FKBP8 expression led to the induction of the mitochondrial fragmentation and mitophagy in HeLa-BNIP3/NIX DKO cells as much as in control cells ( Figures 4C and S8 ). However, FKBP8 could not induce mitophagy in HeLa-FIP200 KO cells ( Figures 4C and S8 ). FIP200 is a component of the ULK complex that is involved in the initiation of autophagy and basal autophagy. 31 In similar experiments conducted in tet-off Atg5 KO MEFs, 32 we found that like NIX, FKBP8 failed to recruit GFP-LC3B onto the mitochondria in Atg5 KO MEFs (Figure S9A,B) . Thus, we believe that this activity of FKBP8 in mitophagy requires canonical autophagy but is independent of BNIP3 and NIX.
| FKBP8 N-terminal LIR-like sequence (LIRL) is crucial for mitochondrial fragmentation
We then decided to identify an FKBP8 domain responsible for mitochondrial fragmentation and thus generated various FKBP8 deletion mutants, including FKBP8-dN mutant lacking N-terminal domain, FKBP8-dF mutant lacking an FK506 binding domain (FKBD), FKBP8-dT mutant lacking three tetratricopeptide repeats (TPR) domain, FKBP8-dTM mutant lacking transmembrane region and FKBP8-dC mutant lacking C-terminal domain ( Figure 4F ). 12, 18 HeLa-FKBP8 KO cells were reconstituted with the mutants and examined for mitochondrial fragmentation. The results revealed that FKBP8-dN, -dTM, and -dC mutants failed to induce mitochondrial fragmentation, whereas FKBP8-dF and -dT mutants were potent to induce it ( Figure 4G,H) . Taking account that FKBP8-dTM and -dC mutants are not correctly targeted to the mitochondria ( Figure 4H ), we concluded that the N-terminal region of FKBP8 is important for mitochondrial fragmentation.
When we searched a motif responsible for mitochondrial fragmentation in the N-terminus by comparison of amino acid sequences, we found two putative LC3-interacting region (LIR) motifs; LIR ( 24 FEVL 27 ), which was already reported to bind to LC3, 19 and LIR motif-like sequence (LIRL) ( 93 WLDI 96 ) ( Figure 5A ). LIR and LIRL are approximately 70 residues apart and are highly conserved among different species, including human, cow, mouse, and rat ( Figure 5A ). FKBP8 LIR F24A/L27A and LIRL W93A/I96A mutants were then generated by replacing the corresponding residues with Ala. Expression analysis of those mutants revealed that FKBP8 LIR mutant failed to bind to GFP-LC3B and recruit it onto the mitochondria ( Figure 5B,C) , consistent with the previous report. 19 But this FKBP8 LIR mutant induced mitochondrial fragmentation as much as FKBP8 ( Figure 5D ,E). By contrast, FKBP8 LIRL mutant lost the ability to induce mitochondrial fragmentation ( Figure 4D,E) , but still well interacted with GFP-LC3B ( Figure 4B,C) . These two FKBP8 mutants all showed an impaired ability to degrade mitochondria under normoxic and hypoxic conditions ( Figure 5F,G,H) . Besides, FKBP8 LIRL was required to induce mitochondrial fragmentation in human fibroblasts ( Figure S4 ). Thus, FKBP8 LIR and LIRL are required for mitophagy through LC3-binding and mitochondrial fragmentation, respectively.
| FKBP8 LIRL, not FKBP8 LIR, is critical for binding to FKBP8 and OPA1 interaction
Considering that OPA1 is a transmembrane protein localized on the mitochondria and its expression also affects the tubular form of mitochondria, 25 we examined its interaction with FKBP8. Results of the immunoprecipitation assay revealed that HA-FKBP8 interacted with OPA1-Flag in the transfected cells ( Figure 5I ) and that endogenous FKBP8 binds to OPA1 ( Figure  5J ). In addition, we found that HA-FKBP8 LIRL W93A/I96A mutant did not bind to OPA1-Flag, while HA-FKBP8 LIR F24A/ L27A mutant bound to it ( Figure 5K) , showing a good correlation between their ability to induce mitochondrial fragmentation and to bind to OPA1. Simultaneously, mitochondrial fragmentation by FKBP8 overexpression shows no difference in mitochondrial morphology in Opa1 KO MEF ( Figure S10 ) and thus providing a potential of FKBP8 to mediate mitochondrial fragmentation in mitophagy through binding to OPA1. 
| DISCUSSION
To identify the mitochondrial proteins involved in regulating mitochondria quality control, we established a cell-based assay in which colocalization of mitochondria and autophagosomes could be monitored. By expressing a cDNA library, we conducted GOF screening and successfully isolated several positive clones that influenced mitochondrial turnover. GOF screening was adopted instead of loss-of-function (LOF) screening because the regulators of mitochondrial turnover could not be identified by LOF screening unless the signaling for mitochondrial turnover operated in cells. Among the positive clones, FKBP8 was found to be the most potent stimulator of the colocalization and strongly influenced mitochondrial morphology. Among the FKBP family, these activities of FKBP8 could be explained by its subcellular localization on the mitochondria and the presence of unique N-terminal motif but was not associated with its binding ability to FK506 because deletion of the FKBD domain in FKBP8 or FK506 treatment exerted no significant influence on mitochondrial fragmentation.
As similarly observed following the changes in Drp1 and OPA1 expression, [25] [26] [27] [28] we believe that FKBP8 participates in mitochondrial dynamics depending on environmental conditions because mitochondria assume a tubular morphology and are enlarged by FKBP8 knockdown but are fragmented by overexpressed FKBP8. Of note, we could identify an FKBP8 LIRL responsible for mitochondrial fragmentation and OPA1 binding. Although FKBP8 LIRL exhibited sequence similarity to the conserved LIR motif W/Y/FxxL/I, there was weak or no interaction between FKBP8 and LC3. Paradoxically, the region harboring the FKBP8 LIRL is exposed to the cytosolic side on the mitochondrial outer membrane, whereas OPA1 is located on the mitochondrial inner membrane. In general, mitochondrial fission occurs through Drp1 recruitment onto the mitochondrial outer membrane receptors, namely, MFF, FIS1, and MID49/51. 33 Among the receptors, we found an interaction between FKBP8 and FIS1 since FIS1 also harbors a TPR domain that is involved in the interaction of TPRcontaining proteins. 34 However, overexpressed FKBP8 efficiently induced mitochondrial fragmentation in FIS1 KO HeLa cells ( Figure S11 ). Thus, other protein that interacts with FKBP8 through LIRL might mediate the binding of FKBP8 to OPA1 and mitochondrial fragmentation.
In mitochondrial quality control, the coupling between mitochondrial fission and mitophagy has been discussed for a long time. In yeast, deletion of genes encoding proteins that are involved in the mitochondrial fission complex, such as Dnm1, Fis1, MdC1, and Caf4, was found to inhibit mitophagy. 35, 36 By contrast, in rapamycin-induced mitophagy, the deletion of genes encoding Dnm1, Mdc1, and Caf4, but not Fis1, did not affect mitophagy. 37 Later, the deletion of Fis1 and Dnm1 was demonstrated to slow down mitophagy under nitrogen starvation conditions, although mitophagy activity was not completely inhibited. 21 As in yeast, two aspects of mitochondrial fusion/fission affect mitophagy in mammals. Overexpression of dominant-negative Drp1 reduces mitophagy in INS1 cells. 38 In CCCP-induced mitophagy, Drp1 KO in MEFs and HeLa cells was found to inhibit Parkin-mediated mitophagy, and proteasomal degradation of MFN 1 and MFN 2 was demonstrated to be required for mitophagy. 39 Starvation-induced mitochondrial elongation in MEFs prevents mitochondrial degradation 40, 41 and the interconnections between mitochondria in Drp1 KO mouse cardiomyocytes inhibits Parkin-independent mitophagy, 42 indicating that mitochondria fusion/fission influences mitophagy. However, contradicting results have also been reported. In HeLa cells, hypoxia, iron-depletion, and proteotoxic stresses were demonstrated to induce mitophagy in the absence of Drp1. 21, 43 In addition, a previous study showed that Drp1 regulates BNIP3 levels, thereby affecting mitochondrial fission and autophagy. 44 Thus, the process of mitophagy in yeast and mammals largely depends on mitochondrial fusion/ fission in most but not all cases and appears to be cell type specific and condition dependent. In the case of FKBP8, the ability to mediate mitochondrial fission and fragmentation is likely prerequisite for the subsequent process of mitophagy.
Our and another study 19 demonstrated that FKBP8 is also involved in both mitochondrial fission/fragmentation and mitophagy during stress responses, such as iron depletion and hypoxia. In the hypoxic conditions, FKBP8 knockdown definitely impaired mitochondrial fragmentation and mitophagy. Our findings that FKBP8 plays a role in iron depletion-and hypoxia-induced mitophagy are consistent with the previous findings showing that these types of mitophagy occur in the absence of Drp1. 21 The role of FKBP8 in mitophagy under hypoxic conditions reminds us FUNDC1 which interacts with F I G U R E 4 Overexpressed FKBP8 induces Drp1-independent mitochondrial fragmentation via its N-term region. A,B, Immunofluorescence images showing mitochondria fragmentation in HeLa cells overexpressing HA-FKBP8. HeLa cells were transfected with HA-FKBP8 for 24 hours and immunostained with TOMM20 (green) and HA (red) antibodies. Scale bar: 10 µm (A). Percentage of cells with fragmented mitochondria in Figure 4A was determined and represented with bars mean values ± SEM n = 100. P values vs control cells. *P < .05. B,C, Overexpressed HA-FKBP8 induces mitochondrial fragmentation in BNIP3/NIX double KO (DKO) and FIP200 KO HeLa cells. The cells were transfected with HA-FKBP8 and TOMM20-GFP for 24 hours and the percentage of cells with fragmented mitochondria were determined and represented with bars mean values ± SEM n = 50. P values vs control cells. **P < .01. D,E, Overexpressed HA-FKBP8 affects mitochondria morphology in Drp1 KO MEFs. WT and Drp1 KO MEFs were co-transfected with HA-FKBP8 and TOMM20-GFP for 24 hours and immunostained with TOMM20 (green) and HA (red) antibodies. Scale bar: 10 µm (D). Percentage of cells with fragmented mitochondria in Figure 4D was determined and represented with bars mean ± SEM n = 105. P values vs control cells. *P < .05, ***P < .001 (E). F, Schematic representation of FKBP8 WT and deletion mutants. FKBD, FK506-binding domain; TPR, tetratricopeptide; TM, transmembrane domain. G,H, Effects of FKBP8 deletion mutants on mitochondria fragmentation. FKBP8 KO HeLa cells were transfected with FKBP8 WT or deletion mutants for 24 hours and immunostained for TOMM20 (green) and HA (red) antibodies. Scale bar: 10 µm (H). Percentage of cells with fragmented mitochondria in Figure 4H was determined and represented with bars mean values ± SEM n = 50. P values vs control cells. *P < .05, **P < .01. n.s; not significant (G) Drp1 to induce mitochondrial fission. 45 Actually, we observed that FKBP8 bound to FUNDC1 ( Figure S12 ). However, detail characterization of their interaction and roles in mitophagy under hypoxic stress remains to be further addressed.
More, embryonic lethality of Fkbp8 −/− mice was observed at approximately E13.5 days, and similar results were observed in Opa1 KO mice. In addition, both Fkbp8 and Opa1 KO mice showed neural tube defects during development. 16, 17, 46, 47 In particular, it would be interesting to determine whether mitochondrial quality control is also mediated by FKBP8 in vivo. Because Fkbp8 −/− mouse embryos could not be generated after multiple trials, we were unable to examine mitochondrial morphology in the neural tubes of Fkbp8 −/− mice. Fortunately, however, we could observe enlarged mitochondria in the cortex of Fkbp8 +/− mouse embryos when compared to WT littermates, thereby indicating the possibility that embryonic lethality of Fkbp8 −/− mice might be associated with defective mitochondrial quality control. In addition, similar results were also observed in the mitochondria of ischemia-induced gastrocnemius muscle of Fkbp8 +/− mice and primary human fibroblasts under hypoxic conditions.
Together, our findings illustrate that the LIRL motif in the FKBP8 N-terminus functions in mitochondrial fragmentation and its event together with FKBP8 LIR employing LC3 recruitment is required for FKBP8-mediated mitophagy ( Figure S13 ).
